Microsatellite markers of Pterocarya stenoptera (Juglandaceae) were developed for future studies on the population genetic diversity and spatial genetic structure of the species.
Pterocarya stenoptera C. DC. (Juglandaceae) is a deciduous broadleaved tree that is native to China and the Korean Peninsula. The species is cultivated as an urban landscaping tree because of its large crown and graceful drooping racemes. Previous studies on this plant have focused on its cultivation physiology (Yang et al., 2013; Xu et al., 2015; Yang and Li, 2016) . To date, there have been no reports of the genetic diversity and population structure of P. stenoptera. Fan et al. (2013) developed 22 microsatellite loci for P. stenoptera using primer pairs from Cyclocarya paliurus (Batal.) Iljinsk. This number of microsatellite loci is insufficient for landscape genetic studies, which require the molecular markers to be distributed within the genome with high density (Hall and Beissinger, 2014) . As an important urban landscaping tree, it is necessary to develop a large number of reliable molecular markers for the assessment of wild germplasm resources and the development of molecularassisted breeding.
Next-generation sequencing makes it possible to rapidly isolate a large number of microsatellite markers (Kumar et al., 2014) . Here, we report the isolation of transcript-based microsatellite markers for P. stenoptera using Illumina shotgun sequencing. The transcriptbased microsatellite markers are more suited to locating adaptive loci in landscape genetic studies. Although loci identified through neutral markers can be linked to adaptive genes, microsatellites found within genic regions can provide a clearer link to a causal gene.
METHODS AND RESULTS
A total of 60 individuals of P. stenoptera were sampled from three wild populations in Henan and Shandong provinces (Nanzhao, Henan Total RNA was extracted from fresh leaves of one cultivated P. stenoptera individual in Henan Agricultural University using a Quick RNA Isolation Kit (BioTeke, Beijing, China) according to the standard protocol of the manufacturer. RNA concentration was estimated using the UV-Vis spectrophotometer (catalog no. ND5000; BioTeke). The construction of a cDNA library and transcriptome sequencing were completed by the Biomarker Biotechnology Corporation (Beijing, China). Sequencing was performed on an Illumina HiSeq 2500 system (Illumina, San Diego, California, USA). We obtained a total of 20,410,837 paired-end reads of 150 bp (6.10 Gbp; GenBank Sequence Read Archive accession no. SRP154982). The raw reads were subsequently cleaned by removing adapter sequences using Trimmomatic version 0.35 (Bolger et al., 2014) and then assembled using Trinity version 2.6.6 with the default parameters (Grabherr et al., 2011) , resulting in a total of 83,674 unigenes. Microsatellites from the unigenes were identified using MISA (Thiel et al., 2003) . The filtering conditions of microsatellites are as described in Shi et al. (2018) . Parameters were designed for dinucleotides with a minimum of six repeats, and for tri-, tetra-, penta-, and hexanucleotides with a minimum of five repeats. Of these unigenes, 2452 containing microsatellites were selected and deposited in GenBank (MH676104-MH678555). The first 100 microsatellites were selected to design amplification primer pairs using Primer3 (Rozen and Skaletsky, 1999) . The primer design parameters were set using the default values except product size = 100-400 bp. These primers were then tested in two steps. First, the 100 primer pairs were tested on four randomly selected P. stenoptera individuals. PCR was conducted in a 20-μL PCR reaction mixture consisting of 20 ng of genomic DNA, 10 mM of PCR buffer, 0.2 mM of each dNTP, 0.2 μM of each primer, and 1 unit of Taq polymerase (Tiangen, Beijing, China). In a Mastercycler Nexus thermocycler (Eppendorf, Hamburg, German), PCR was started with an initial denaturation at 94°C for 5 min; followed by 35 cycles at 94°C for 40 s, locus-specific annealing temperature for 40 s, and 72°C for 40 s; a final extension at 72°C for 5 min; and hold at 4°C. PCR products were visualized on 1.5% agarose gel with a DL2000 DNA ladder (TaKaRa Biotechnology Co., Dalian, Liaoning, China). Of the 100 primer pairs, 43 were unsuccessful or had off-target amplification and 57 were retained for second step validation. The remaining 57 primer pairs were then tested on 12 P. stenoptera individuals each from populations HNNZ and SDMM. PCR reaction conditions were the same as above. PCR products were separated by gel electrophoresis on 8% native polyacrylamide gel and visualized by silver staining. The band size was reported using a 50-bp DNA ladder (TaKaRa Biotechnology Co.). Of the 57 primer pairs, 42 were not considered further due to single or excessive bands, and the remaining 15 primer pairs exhibited polymorphism (Table 1) . To further assess the polymorphism of these microsatellites, genotyping was performed on all sampled individuals of P. stenoptera. The forward primers were 5′ labeled with FAM, HEX, or TAMRA. All reaction conditions were the same as above. PCR products were analyzed on an ABI 3730 DNA Analyzer (Applied Biosystems, Foster City, California, USA) at BGI (Beijing, China). PCR product size was measured according to GeneScan 500 ROX Size Standard (Applied Biosystems). The peaks of the microsatellite loci were read using GeneMarker 2.2.0 (SoftGenetics, State College, Pennsylvania, USA). Observed heterozygosity (H o ), expected heterozygosity (H e ), and HardyWeinberg equilibrium (HWE) were obtained using GENEPOP 4.2 (Rousset, 2008) . Number of alleles (A) and inbreeding coefficient (F IS ) were estimated using FSTAT 2.9.3.2 (Goudet, 1995) . In P. stenoptera, A, H o , H e , and F IS ranged from one to six, 0.000-1.000, 0.000-0.718, and −0.583-0.620, respectively (Table 2) . Of the 15 polymorphic microsatellite loci, three, four, and three loci showed significant deviations from HWE in populations HNNZ, SDMM, and HNJG, respectively ( Table 2) . The cross-amplification of these markers was tested in 20 individuals of P. hupehensis. All markers were successfully amplified, and A per locus ranged from one to nine (Table 3) .
CONCLUSIONS
In this study, 2452 microsatellites were discovered in the P. stenoptera transcriptome. One hundred primer pairs were randomly selected to verify the efficiency of amplification. Of these tested primer pairs, 15 displayed polymorphism. This is the first set of microsatellite markers developed specifically for P. stenoptera; it will be helpful for future population genetic and landscape genetic studies of the species. All markers were successfully amplified in the related species P. hupehensis, suggesting that they may also be used to study other related species in Pterocarya.
